The strikingly different charge transport behaviors in nanocomposites of multiwall carbon nanotubes (MWNTs) and conducting polymer polyethylene dioxythiophenepolystyrene sulfonic acid (PEDOT-PSS) at low temperatures are explained by probing their conformational properties using small angle X-ray scattering (SAXS). The SAXS studies indicate assembly of elongated PEDOT-PSS globules on the walls of nanotubes, coating them partially thereby limiting the interaction between the nanotubes in the polymer matrix. This results in a charge transport governed mainly by small polarons in the conducting polymer despite the presence of metallic MWNTs. At T > 4 K, hopping of the charge carriers following 1D-VRH is evident which also gives rise to a positive magnetoresistance (MR) with an enhanced localization length (~ 5 nm) due to the presence of MWNTs. However, at T < 4 K, the observation of an unconventional positive temperature coefficient of resistivity (TCR) is attributed to small polaron tunnelling. The exceptionally large negative MR observed in this temperature regime is conjectured to be due to the presence of quasi-1D MWNTs that can aid in lowering the tunnelling barrier across the nanotube -polymer boundary resulting in large delocalization. 
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Introduction
Since the high processibility and unique optoelectronic properties of conducting polymers can be complimented with striking electronic, mechanical and thermal properties of carbon nanotubes, there has been a momentous effort in harvesting the goodness of both these systems: in the form of nanocomposites. Both conducting polymers and carbon nanotubes (CNTs) are one-dimensional (1D) systems that consist of delocalized -electrons. The main difference between these systems, however, is the fact that flexibility in conducting polymers can be controlled by chemical modifications while CNTs are rigid. These conformations and the extent of delocalization of -electrons in these quasi-one dimensional systems play significant roles in the electrical properties of these systems.
The contrast in electron density between semi-flexible conjugated polymer chains and rigid-rod carbon nanotubes has been imaged using SEM and TEM; more precise light and X-ray scattering experiments have been used to study the morphology of nanotube suspensions and nanocomposites in polymers [1, 2] . But the previous studies have not converged to a consistent picture yet. Zhou et al have reported a rigid rod structure of nanotube suspension in D 2 O while observation of a rope-like disordered fractal objects have been reported by Schaefer et al., especially when polyelectrolytes are used as dispersion aids for the suspension [1, 2] . Moreover, small angle neutron scattering (SANS) study on surfactant aided aqueous dispersion of SWNTs did not show any significant contribution of nanotubes in the formation of micellar structure of surfactant molecules in water [3] .
In such complex systems, therefore, it is indeed a challenge to separate out the various contributions to charge transport and other physical properties; however the dispersibility of the tubes and inter-tube barriers have been identified as the key ingredients in limiting the bulk transport. In well-processed nanocomposites, the typical percolation threshold is 0.1 -1 wt. % of CNT, with conductivity 10 -2 -1 S/cm [4] .
Although a wide variation in the temperature dependence of conductivity has been observed in these systems, the conductivity value at room temperature usually decreases by several orders of magnitude at 4.2 K. There have been attempts to prepare the CNT composites in conducting polymer matrices so that the contributions from both can weaken the temperature dependence of conductivity and to make the system more metallic [5, 6] . In these cases either polyaniline or polypyrrole is used as the conducting matrix, and the temperature dependence of conductivity show significant changes only at large volume fractions (~ 10 %) of CNTs [5, 7] . This is because in CNT composites with conducting polymers, the sharp percolation threshold for the onset of increase in conductivity is not observed, which is obvious since the conducting matrix also contributes to the overall charge conduction. Also, the mixing of conduction mechanisms via the CNTs and conducting polymer makes it hard to discern the exact ones, unlike in case of CNT-insulating polymer composites. This complicated scenario is even true in various types of CNT samples due to the wide variation in impurities, defects, size, packing and ordering of the nanotubes. Apart from these intrinsic traits in CNTs, the details of the inter-tube barriers come into play in CNT-polymer composites, and this affects the localization and interaction contributions to charge transport. Although models like fluctuation induced tunnelling (FIT), hopping of localized charge carriers (variable range hopping -VRH) or a combination of both have been widely used to analyse the data in CNT-polymer systems [4, 8] , as the complexity of the system increases, the intriguing results cannot be easily explained with the help of conventional models. In such cases understanding the conformation and organization of the system can throw light on the possible transport mechanisms. However, there are very few experimental studies in conjugated polymer-CNT composites exploring how the conformational features are reflected in their unique electronic transport.
In this work, conformation of multiwall carbon nanotube (MWNT) suspensions in aqueous solution of conducting polymer polyethylene dioxythiophene -polystyrene sulfonic acid (PEDOT-PSS) is studied using small angle X-ray scattering (SAXS)
technique. Small angle X-ray scattering (SAXS) studies in polymeric systems have already shown that the local nanoscale morphology at various length scales can be probed to show the correlation among conformation and assembly of chains [9] [10] [11] . Our results
show rigid-rod characteristics of nanotubes held in a meshwork in the polymer solution;
the polymer globules close to the CNTs are extended and tend to aggregate onto the nanotube walls partially "coating" them. The memory of the conformation in the suspension state is retained in the solid nanocomposite films.
Furthermore, the interplay of conduction mechanisms of the CNTs embedded in the PEDOT-PSS matrix is investigated. Since PEDOT-PSS is widely used as transparent electrode in polymer and organic devices, the low-temperature conductivity and magnetoresistance measurements have been carried out in MWNT-PEDOT-PSS composite films. As said earlier, the SAXS results indicate that the PEDOT-PSS globules tend to adhere to the walls of CNTs. This could weaken the inter-tube transport especially in the lower volume fraction range. In case of higher volume fractions the CNTs tend to form aggregates that make the system highly inhomogeneous, and the intrinsic mesoscopic properties of individual tubes are usually lost due to presence of intertube screening of too many nanotubes. Due to these factors the concentration of nanotubes in PEDOT-PSS in this study is limited to 0.03 -3 %. The lower cut-off for concentration is verified to be above pecolation threshold. Because of the restricted CNT concentration, individual nanotubes as well as the conducting polymer matrix are expected to contribute substantially to the overall charge transport and very interesting indications of the contribution to transport mediated via the CNTs are observed at low temperatures.
Experiment
The average diameter of MWNTs used is ~ 40 nm extending up to a length of a few hundred nanometers, and the samples were prepared by CVD techniques [12] . Short CNT with respect to PEDOT-PSS and the samples were named CNTP -(0.03, 0.3, and 1 %). The SAXS studies were limited to samples containing less than 1 % of CNT, so that they are within the dilute solution limit so as to restrict the aggregation of CNTs.
Aqueous solution of the pristine polymer PEDOT-PSS was also studied as reference. All the samples were filled in Mark glass capillary of 2 mm diameter and sealed.
SAXS measurements were carried out using Bruker Nanostar equipped with a rotating anode source and three-pinhole collimation. A position sensitive 2D detector with 100 µm resolution was used to record the scattered intensity. The scattered intensity I(q) is plotted as a function of the momentum transfer vector
, where  is the wavelength of the X-rays (Cu-k radiation, 1.54 Å), and  is half the scattering angle.
The q-range is 0.008 Å -1
. The raw data was normalized for transmission coefficient, capillary width and exposure time; the incoherent scatterings due to solvent were subtracted in the data analysis. The electrical measurements were performed on the 0.03, 0.3 and 3 % nanocomposites with standard four-probe dc method in a Janis variable temperature cryogenic system equipped with an 11 T superconducting magnet. The magnetic field was applied parallel to the network plane. The current used in low temperature transport measurements are below 1 A, and the heat dissipation is typically less than 50 nW. The temperature was stable to within 20 mK during the field sweep. Standard four-probe measurements were also carried out on pressed pellets of MWNTs and the data was used as reference to the nanocomposite data. For the three CNTP scattering profiles, the slope in the range 0.023 Å -1 < q < 0.2 Å -1 shows a deviation from -1. This is due to the compact-coil globular structure of PEDOT-PSS in aqueous solution [13] In order to understand the modification in the conformation of PEDOT-PSS in the nanocomposite, the data of 1 % CNTP data is studied as a typical case. The CNTW data is subtracted from this CNTP data and the resultant CNTP -CNTW data, which represents the scattering profile of the polymer in the nanocomposite, is shown in Fig. 3 .
Results and discussion
The data for pristine PEDOT-PSS in water (1 % by weight) is shown in the inset for comparison. It is interesting to see that the conformation of the polymer chains in the nanocomposite is quite different from that in the aqueous solution. The fractional slope of -2.68, reported as signature of mass-fractal in aq. PEDOT-PSS [13] , is also present in the nanocomposite, but at lower q-range. The Guinier region that was observed for aq.
PEDOT-PSS is not seen in the present case; and the scales apparently seem to be shifted towards larger lengths.
The most striking difference between the two cases is the presence of a plateau for the q-range 0.02 Å The pair distribution function p(r) is calculated by inverse Fourier transform of the scattered intensity I(q), using the algorithm GNOM [14] :
Depending on the range and nature of ordering in the system, p(r) can have many peaks; the first maximum occurs for the most probable distance in the scattering chain, which tends to zero at r max , the maximum intra-chain distance. We can thus compute the average size of chains <Rg> from the normalized second moment of p(r), i.e.:
The data for P(r) vs. r for PEDOT-PSS in nanocomposite is shown in Fig. 4 , and the data is compared to that for aqueous PEDOT-PSS. The PDF profiles in Fig. 4 , clearly shows a marked difference in conformation and organization of the polymer chains in presence of MWNTs. The first peak representing the intra-chain correlation is prominently present up to 115 Å in the aqueous solution, while it is diminished to about 25 Å in the nanocomposite. This suggests the possibility that the compact coiled structure of those adhered to the nanotube walls is getting modified to form more extended structures in presence of CNTs. Also, the position of maximum value of r for the first peak r 1 = (r max )/2, that represent a spherical particle. It is known that the ratio r 1 / r max decreases further with increasing elongation of the particle. In case of PEDOT-PSS in nanocomposite, this ratio (0.07) is very small, indicating the presence of elongated structures. The most interesting feature in case of PEDOT-PSS in nanocomposite, however, is the pronounced second peak that represents inter-chain correlations; the peak height being more than twice that of the first peak and a large area under the curve. Such inter-chain correlation has been observed in aqueous PEDOT-PSS, but not to such a large extent with respect to the intra-chain correlation.
The pronounced second peak gives evidence for strong correlation among the extended globules around the nanotube walls. The detailed electron microscopy studies have shown that such large-scale organization is possible in these systems [15] . 
The W-plot, as shown in the inset of Fig. 7 , yields a slope of -0.5 indicating that the system is in insulating regime in the temperature range 4 -300 K with the resisitvity following a stretched exponential dependence (exponent ~ 0.5). 
where The low temperature resistivity data in CNT-PEDOT-PSS nanocomposites is further investigated with the help of magnetoresistance (MR) measurements as a local probe, as shown in Fig. 8 (a) . The MR data for CNT pressed pellet is shown in Fig. 8 (b) for comparison. It is known that the conductivity and MR in CNT can vary widely due to the contributions from defects, packing and alignment of nanotubes. However the observation of negative MR ~ 9 % in Fig. 8 (b) indicates that the intrinsic metallic nature of CNTs is not adversely affected due to disorder. Both conductivity and MR in CNT bundles have been explained using the weak localization (WL) and electron-electron interaction (EEI) model [25] . The present data, thus, agrees with existing earlier reports; the strong negative MR at low fields is due to the WL contribution, and its tendency to saturate at higher fields is due to the superimposing contribution of positive MR due to EEI.
Surprisingly for 3 % CNT-PEDOT-PSS nanocomposite as in Fig. 8 (a) , the MR data is positive at T > 4 K, and it is negative at T < 4 K, which is reproducible in several For 1D-VRH transport, the low-field positive MR is governed by the equation:
where
is the magnetic length and L c is the localization length, t = 0.0015, and y = 3/2 [6] . 
Conclusions

